In patients with ventilator-associated pneumonia, systemic use of antibiotics is the cornerstone of medical management. Supplemental use of aerosolized antibiotics with intravenous antibiotics in both experimental and clinical studies has been shown to have the following pharmacologic benefits: (1) aerosolized antibiotics reach the infected lung parenchyma without crossing the pulmonary alveolar capillary barrier; (2) aerosolized antibiotics increase anti-bacterial efficacy through increased local antibiotic concentration; and (3) aerosolized antibiotics decrease systemic toxicity. These benefits may be particularly beneficial to treat pneumonia caused by multidrug-resistant pathogens. Clinical data on the benefits of aerosolized antibiotics are more limited. Studies to date have not clearly shown improvements in time to extubation, mortality, or other patient-centered outcomes. At present, amikacin, colistin, and ceftazidime are the most frequently used and studied aerosolized antibiotics. This review summarizes the characteristics of aerosolized antibiotics, reviews the advantages and disadvantages of using aerosolized antibiotics, and calls for future investigations based on animal study data.
Introduction
Ventilator-associated pneumonia (VAP) remains an important infectious complication of intensive care and mechanical ventilation, commonly due to multidrug-resistant pathogens such as Pseudomonas aeruginosa and Staphylococcus aureus 1 . It is also a major cause of hospital morbidity, mortality, and high health-care costs despite diag-nostic and therapeutic improvements. [2] [3] [4] At present, the general approach to VAP is early diagnosis and early initiation of broad-spectrum intravenous antibiotics, followed by antibiotic de-escalation based on available microbiological results. 5 The ability of intravenous antibiotics, including ␤-lactams, aminoglycosides, and vancomycin, to cross into the lung parenchyma is markedly inhibited by both host-related factors (eg, mechanical injury) and physical and chemical drug-related factors (eg, drug mass, electrical charge, and lipophilic properties). 6, 7 Antibiotic concentrations in the lung are as low as 50% of the plasma concentrations for antibiotics such as colistin, amoxicillin, cefdinir, and meropenem, because the alveolar-capillary membrane has a high resistance to intravenous antibiotics. 8, 9 Inadequate concentrations of such antibiotics may result in failure to reach minimal inhibitory concentration. Treatment failure may extend the need for oral or intravenous antibiotic therapy and increase the required dosage. As a result, microbial drug resistance and systematic toxicity emerge. 10 Aerosolized antibiotics are a promising approach to optimize drug delivery, although the addition of aerosolized antibiotics is recommended only for difficult-to-treat bacteria in cases where systemic antibiotics are not effective. 11 Aerosolized medication has been successfully implemented in the treatment of obstructive lung disease. The delivery of drugs via the airways were first extensively studied in the case of bronchodilators. 12, 13 Treatment with inhaled ␤ 2 agonists and steroids has rapid and effective onset and decreases the frequency and severity of adverse systemic effects. Aerosolized antibiotics in the treatment of pneumonia have not been thoroughly studied. In this review, we will present the relevant literature and our interpretation of different clinical implementations of aerosolized antibiotics.
Rationale of Administrating Antibiotics via Inhalation
An effective antibiotic treatment should fulfill the following three requirements: (1) the antimicrobial agent should quickly reach the infected location; (2) it must bind to a target site; and (3) it should execute its antimicrobial properties with no adverse effects 14, 15 . Although intravenous infusion and oral administration are the most common routes of antibiotic delivery, they rarely fulfill these three characteristics. The advantages of using aerosolized antibiotics compared with oral administration or intravenous infusion can be summarized as follows: The antibiotics can directly reach the infected alveolar space; therefore, the antibiotics are better able to decrease bacterial concentration, inflammation, and lung damage. 16 Depending on aerosol particle size (usually between 1 and 5 m) and flow turbulences, differing amounts of antibiotics can deposit to distal bronchioles and alveolar spaces. 17, 18 Additionally, the slow diffusion of localized antibiotics through the alveolar-capillary barrier keeps the antibiotic concentration high at the infection site. Early in the 1970s, studies demonstrated a positive correlation between a more rapid clinical response to treatment of a bacterial bronchopulmonary infection and the local concentration (eg, sputum concentration) of an antibiotic in relation to the antibiotic's minimal inhibitory concentration. [19] [20] [21] Thus, increased lung tissue concentration of antibiotics may provide better and longer lasting control of parenchymal infection and tracheobronchial colonization. Finally, high local antibiotic concentrations could decrease the necessary dose and duration of intravenous antibiotic infusion, which could prevent antibiotic resistance and reduce antibiotic levels in the serum, decreasing systematic toxicity. 22 
History of Inhaled Antibiotics
The first reports on the use of nebulized antibiotics date back to the 1930s. 13 In the 1940s, Segal et al 23 were among the first to deliver antibiotics by inhalation to treat chronic airway infections. The history of inhaled antibiotic delivery is largely based on antibiotics used in cystic fibrosis. 15 At that time, the fact that no reliable nebulizer was available hampered the development of inhaled antibiotic administration. Since then, many animal [24] [25] [26] [27] [28] [29] [30] and clinical [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] studies have investigated both the pharmacodynamics and pharmacokinetics of different categories of antibiotics and compared the bactericidal effect of aerosolized antibiotics with that of intravenous antibiotics. Notably, however, the FDA only cleared the use of inhaled tobramycin for cystic fibrosis in 1997. Approval was delayed due to concerns regarding poor tolerance and significant bronchial irritation secondary to the hyperosmolarity of inhaled solutions and preservatives. 42 
Purpose of This Review
Despite the progress of the past decades, there are still several controversies regarding the timing of administration of aerosolized antibiotics, the selection of a patient population, and the delivery methods used with aerosolized antibiotics. As a result, there exists no routine use of aerosolized antibiotic treatment for respiratory tract infections. The purpose of this pro and con review is to summarize current literature, identify limitations and concerns of using aerosolized antibiotics in the treatment of VAP, and to suggest clinical applications and future research directions.
Pro: Aerosolized Antibiotics Should Be Used to Treat
Ventilator-Associated Pneumonia
The use of aerosolized antibiotics in the treatment of lung infection has been proven to have many potential advantages, including generation of high antibiotic concentrations at the site of infection and a reduction in systemic toxicity due to lower systemic antibiotic concentration.
Specific Requirements Related to Antibiotic Nebulization
Whether aerosolized antibiotics can be delivered to the lower airways and the efficacy of aerosolized antibiotics depends upon 4 factors. (1) The size of the aerosol particle should be kept between 1 and 3 m. 43 Byron 44 reported that 90% of inhaled aerosol particles with an aerodynamic diameter of 1-2 m, if slowly and deeply inhaled, can be deposited in the lungs and that a 1-m droplet is more likely to be deposited in the most distal parts of the lungs as opposed to the proximal parts. 44, 45 Particles of Ͼ5 m are unable to reach peripheral airways and are deposited in the main airways, whereas particles of Ͻ0.5 m are too light and will exit the respiratory system along with expired gases. 46 Small antibiotic particles of Ͻ0.5 m could thus increase the rate of antimicrobial resistance due to a failure to achieve minimal inhibitory concentration. (2) Air flow should be laminar during inhalation of antibiotics, and asynchrony should be minimized to minimize extrapulmonary deposition on such places as respiratory ventilation tubing, the endotracheal tube, the expiratory filter, and the upper airways. 47 Specific ventilator settings should be selected (eg, volume controlled mode with a long inspiratory time and an end-inspiratory pause) to avoid flow turbulence. 48 (3) For mechanically ventilated patients, asynchrony should be avoided to guarantee drug delivery, which requires proper sedation. 49 (4) Nebulized antibiotics must be stable and have relatively physiologic pH and should not provoke bronchoconstriction (cough and wheezing). 46 
Delivery Systems
The technical characteristics of the delivery system (ie, nebulizers) are of crucial importance to successful use of aerosolized drugs. Ideally, an aerosol delivery system should have the following properties. (1) The generation of the particle size should be maintained between 1 and 3 m; (2) the biological properties of the antibiotic should not be altered by nebulization processes; (3) the inhalation system should optimize the delivery rate of antibiotics (only small amounts of antibiotics should be lost in the airways or in the environment); (4) the delivery system should have a large reservoir; (5) it should be user-friendly and easy to manipulate; and (6) patient comfort should be optimal.
At present, several kinds of aerosol delivery devices are commercially available for antibiotics, including smallvolume nebulizers (ϳ6 mL), pressurized metered-dose inhalers, and dry powder inhalers. 50 The most common smallvolume nebulizers are the jet nebulizer, the vibrating mesh nebulizer, and the ultrasonic nebulizer. Jet nebulizers often create turbulent flow and have a low drug delivery rate (only 15% of the aerosolized antibiotics are delivered to the lung parenchyma). 51, 52 Ultrasonic nebulizers have a better delivery rate (30 -40%) compared with jet nebulizers but increase the temperature of the antibiotic solution, which may affect the biological activity of the medications. 53 Vibrating mesh nebulizers, which use a micropump technology for aerosol production, have the best efficacy of 40 -60% and can minimize drug wasting by synchronizing delivery of the drug to inspiration. 54 The particle size of inhaled antibiotics can be adjusted by changing the diameter of tapered holes on the plate. 28 The advantages and disadvantages of most common commercially available delivery systems are summarized in Table 1 .
To deliver enough antibiotics to the lung, nebulizers need to work with a large reservoir. 55 Thus, pressurized metered-dose inhalers, including conventional and breathactuated pressurized metered-dose inhalers, are preferred for the delivery of aerosolized antibiotics. However, large reservoirs with large amounts of antibiotics might be economically unfavorable when using expensive antibiotics, and a smaller sized reservoir might be cheaper. Additionally, before administration of inhaled antibiotics, clinicians should focus on optimization of the patient's overall respiratory status to obtain effective inhaled antibiotic treatment. We list here the most important interventions to pursue before drug treatment: (1) ensuring patient comfort and synchrony with the ventilator, 37 (2) drainage or suction of secretions from the tracheobronchial tree, (3) lung recruitment, 56, 57 (4) use of a bronchodilator (albuterol) in cases of bronchospasm to optimize gas flow, (5) avoiding tube kinking and asynchrony, 55 (6) synchronizing aerosol generation with the inspiratory phase, 58 and (7) maintaining physiological temperature and humidification of inspiratory gas. 59, 60 Lessons From Animal Studies VAP animal models have been used to test the efficacy of combining systemic and aerosolized antibiotics in the treatment of experimental pneumonia and to examine the pharmacodynamics of nebulized antibiotics. We summarize the relevant animal studies in Table 2 .
In 2002, Goldstein et al 25 performed a pharmacodynamics study in piglets comparing intravenous infusion of amikacin with aerosolized amikacin. They found that lung concentrations of amikacin when inhaled are 10 times greater than with intravenous administration; amikacin was homogeneously distributed throughout the lung parenchyma in both intravenous and aerosol delivery groups; and amikacin concentrations were always above the minimal inhibitory concentrations of most Gram-negative strains in the aerosolized group, despite only 38% of the delivered initial dose reaching the lung parenchyma. The concentration of aerosolized amikacin in the lungs remains higher than the concentration achieved intravenously even in cases of pulmonary consolidation due to bronchopneumonia, as described by Goldstein et al. 61 In the study published by Lu et al, 29 the authors used nebulized and intravenous colistin in ventilated piglets with induced P. aeruginosa pneumonia. Colistin was undetectable in the lung tissue following the intravenous infusion. The bacterial counts were Ͻ10 2 colony-forming units/g after 24 h of treatment in 67% of pulmonary segments following colistin nebulization versus 28% of pulmonary segments following intravenous administration. Nebulized colistin was shown to rapidly alleviate pneumonia symptoms and execute bactericidal effects.
Lessons From Clinical Trials
Clinical investigators have tested the efficacy of aerosolized antibiotics in the treatment of pneumonia in only a few clinical trials. The major indicators for the effectiveness of aerosolized antibiotic treatment were the clinical response rate, which includes complete or partial resolution of the signs and symptoms of infection, and the microbiological eradiation rate. 62 In a randomized control trial performed by Palmer et al, 48 the authors hypothesized that supplemental aerosolized antibiotics could effectively treat respiratory infection and decrease the length of systemic antibiotic use. After comparing the clinical outcomes (ie, VAP rate and clinical pulmonary infection score) between aerosolized antibiotics and aerosolized saline placebo, they found that the aerosolized antibiotic group had reduced signs and symptoms of respiratory infection and that the incidence of VAP decreased from 73.6 to 35.7% in critically ill subjects. The inhaled antibiotics facilitated weaning (84.2% in the aerosol antibiotic group vs 54.1% in the control group) and reduced bacterial resistance (0 in the aerosol antibiotic group vs 33.3% in the control group) and the length of use of systemic antibiotics.
In another clinical trial testing the ability of inhaled antibiotics to reduce bacterial resistance, 41 researchers found that aerosolized antibiotics could eradicate 26 of 27 organisms present at the time of study randomization compared with 2 of 23 organisms with placebo. In addition, resistance to systemic antibiotics significantly decreased with the use of aerosolized antibiotics. Furthermore, aerosolized antibiotics have been demonstrated in clinical trials to be efficacious because higher local concentrations were delivered with low systemic exposure. 63, 64 The concentration of the inhaled drug in the lung has been found to be as high as 100 times the systemic concentration. 63 Related clinical trials are summarized in Table 3 . Future studies should be carried out to investigate the optimal methods of delivering antibiotics, the optimal respiratory management of patients during drug nebulization (eg, recruitment of lung parenchyma before drug administration), and the pharmacodynamics of nebulized antibiotics in critically ill patients.
In summary, aerosolized antibiotics have been shown to be potent bactericidal agents through their ability to create increased drug concentrations in the lung. The use of aerosolized antibiotics reduces systemic toxicity by reducing plasma drug levels, especially in the case of colistin. Finding ways to improve delivery systems and optimize patient respiratory status is of crucial importance in any future clinical studies investigating the effects of aerosolized antibiotics on outcomes.
Con: Aerosolized Antibiotics Should NOT Be Used to Treat Ventilator-Associated Pneumonia
At first blush, the merits of aerosolized antibiotics to treat ventilator-associated pneumonia appear obvious and overwhelming. Aerosolization in theory optimizes drug delivery to the pulmonary parenchyma by bypassing the poor lung penetration of many antibiotics. Aerosolization Nebulized antibiotics are effective in eradicating existing multidrug-resistant organisms.
VAP ϭ ventilator-associated pneumonia I.V. ϭ intravenous therefore makes it possible to achieve high local concentrations of antibiotic relative to organisms' minimum inhibitory concentrations while simultaneously minimizing systemic toxicities by concentrating antibiotics in the lungs rather than spreading them throughout the body. These potential benefits are particularly attractive to treat VAP due to multidrug-resistant pathogens, where there may be few therapeutic options, and those few options have particularly poor pulmonary penetration when given intravenously (ie, polymixins and aminoglycosides). 29, 65 The limited data on hand, however, paint a more nuanced picture of aerosolized antibiotics' potential. Many of the proposed advantages of aerosolized antibiotics have significant caveats, there are significant practical challenges to delivering aerosols effectively, and the small amount of controlled trial data we have on hand thus far do not yet show that adjunctive aerosols improve patient-centered outcomes.
Each of the potential advantages of aerosolizing antibiotics has important nuances. It is possible to achieve high tracheal concentrations of antibiotics with aerosols, but this may be of limited benefit when treating dense consolidations where the majority of infection is "protected" behind plugs of mucus and pus that obstruct the pathway between the trachea and parenchyma. Indeed, even small amounts of purulent secretions in the proximal airways can inhibit parenchymal drug delivery by creating local turbulence, disrupting laminar air flow, and forcing aerosol deposition in the proximal airways rather than in the deep parenchyma. Experimental studies of inoculation pneumonia in piglets document an inverse relationship between lung aeration and parenchymal antibiotic concentrations. 26 The notion that aerosolization limits systemic absorption is also questionable. Healthy lungs absorb very little antibiotics from aerosols, but infected and inflamed lungs absorb far more. In practice, it is possible to achieve similar serum concentrations of antibiotics in patients with dense pneumonias regardless of whether the drugs are given intravenously or via the airways. 28, 61 Paradoxically then, this means that treating patients with both intravenous and aerosolized antibiotics could theoretically potentiate risk for adverse drug events by effectively doubling drug delivery to the serum. Some investigators therefore suggest using aerosolized antibiotics as a replacement for rather than as an adjunct to intravenous antibiotics. This strategy also has risk, however, because it may lead to undertreatment of patients with bacteremia or a second locus of infection outside the lungs. Notwithstanding the enhanced absorption capacity of inflamed lungs, it is not clear that aerosols can consistently and reliably achieve serum levels of antibiotics equivalent to intravenous doses throughout the course of therapy. Investigators advise against using aerosolized antibiotics alone until bacteremia is excluded.
There are many practical challenges to delivering aerosolized antibiotics effectively. Failure to appreciate the mechanics of aerosolization and the techniques required to achieve optimal drug delivery may lead to loss of the majority of antibiotic to the ventilator circuit and endotracheal tube. At the same time, optimizing drug delivery may require non-physiological ventilator settings and/or enhanced sedation that may paradoxically introduce harms of their own.
Multiple factors affect the likelihood of effective antibiotic delivery, including aerosol particle size, method of aerosolization, temperature and humidity of the carrying gas, ventilator settings, patient-ventilator synchrony, and severity of pneumonia. 55 Jet nebulizers, for example, create highly turbulent flow that can lead to Ͼ85% of the antibiotic dose depositing in the ventilator circuit and endotracheal tube rather than in the lungs. 66 Ultrasonic nebulizers are more likely to achieve laminar flow, but they can increase the temperature of the antibiotic solution and thereby alter its chemical properties. Heat and humidification increase the diameter of aerosol particles, which then increases drug deposition in the respiratory circuit and proximal airways rather than in deep lung tissue. Very specific ventilator settings are required to achieve laminar flow. Rouby et al, 55 for example, recommend using volume control with constant inspiratory flow, a minute ventilation of Ͻ6 L/min, a breathing frequency of 12 breaths/min, an inspiratory-expiratory ratio of Ͻ50%, and an end-inspiratory pause of Ͻ20%. These settings may be uncomfortable for some patients, and/or they may fail to meet patients' physiologic requirements. This in turn may require deeper sedation or, in extreme cases, neuromuscular blockade, which in turn are both associated with potential risks of their own. Some investigators have also documented the potential for aerosolization to cause unintended harms, including a reported case of cardiac arrest secondary to obstruction of the expiratory filter. 37 Ultimately, we need to evaluate the available clinical trial data to evaluate whether on balance aerosolization is helpful, harmful, or neutral for patients. Interpreting the available trial data, however, requires some caution. The primary outcomes in most published studies are clinical cure and microbiological cure. These are both problematic. The diagnosis of VAP is notoriously subjective, inaccurate, and subject to bias. 67, 68 This is a particular risk in open label studies, where investigators may subconsciously interpret subjective clinical criteria more strictly in one arm of the study versus the other and therefore bias the study in favor of the intervention arm. 69 Microbiologic cultures are equally problematic. The oropharynx and endotracheal tubes of ventilated patients are invariably colonized with bacteria. Positive cultures alone correlate poorly with histologically confirmed pneumonia. 70 Conversely, aerosolized antibiotics may effectively sterilize the upper airway and endotracheal tube, but this does not necessarily mean that they have eradicated deep parenchymal pneumonias. Given these risks of bias, it is very important to consider more objective outcomes, such as duration of mechanical ventilation or mortality rates, to evaluate the true impact of aerosolized antibiotics.
A study by Lu et al 37 provides a telling example of the potential mismatch between clinical or microbiological improvements and more objective outcomes. Lu et al 37 randomized 46 subjects with VAP to treatment with aerosolized versus intravenous antibiotics. They reported trends toward higher clinical success rates (70% vs 55%) and higher microbiological cure rates (85% vs 70%) with aerosolized antibiotics but opposite trends for duration of mechanical ventilation (median 29 d for aerosolized antibiotics vs 18 d with intravenous), ICU stay (24 d vs 16 d) , and mortality (10% vs 5%). The small number of subjects in this study precluded any definitive conclusions, but the differential trend directions in clinical and microbiological cure versus duration of mechanical ventilation and mortality bespeak the importance of focusing on the latter, more objective and patient-centered outcomes.
A recent meta-analysis provides a convenient summary of studies published to date comparing clinical impacts with intravenous therapy alone versus intravenous therapy along with adjunctive aerosolized antibiotics. 71 The metaanalysis included 12 controlled studies: 6 observational and 6 randomized controlled trials. The analysis found that adjunctive aerosolized antibiotics were associated with higher clinical cure rates (risk ratio [RR] 1.23, 95% CI 1.05-1.43) and a nonsignificant trend toward higher microbiological cure rates (RR 1.24, 95% CI 0.92-1.55). There were no differences between arms, however, in the incidence of nephrotoxicity (RR 1.05, 95% CI 0.70 -1.57), mean duration of mechanical ventilation (standardized mean difference Ϫ0.10 d, 95% CI Ϫ1.22 to 1.00), ICU stay (0.14 d, 95% CI Ϫ0.46 to 0.73), or mortality (RR 0.90, 95% CI 0.76 -1.08).
Furthermore, there were important caveats regarding the signal, suggesting higher clinical cure rates with adjunctive aerosolized antibiotics. The signal was driven entirely by observational studies (RR 1.33, 95% CI 1.09 -1.62). When the investigators restricted the analysis to randomized controlled trials alone, there was no longer any significant difference in clinical cure rates (RR 1.05, 95% CI 0.88 -1.26). Likewise, the apparent trend toward lower mortality rates in subjects treated with adjunctive aerosolized antibiotics (RR 0.90, 95% CI 0.76 -1.08) was also driven by the observational studies (RR 0.86, 95% CI 0.70 -1.04). The trend went in the opposite direction when restricting the meta-analysis to randomized controlled trials alone (RR 1.11, 95% CI 0.75-1.66).
To summarize then, the literature available to date does not yet demonstrate a clear clinical benefit to aerosolized antibiotics. Their use is complicated and carries some risk of harm to patients. It is important to note, however, that our knowledge of the clinical impact of aerosolized antibiotics is severely constrained by the small number of clinical trials published to date and the limitations of those trials that have been published (all were small, and only a fraction were randomized controlled trials). The theoretical benefits of aerosolized antibiotics still allow for the possibility that future studies will demonstrate some benefits, but the data in hand thus far do not support their widespread adoption for routine practice.
Summary
Treating VAP with aerosolized antibiotics combined with systemic antibiotics has bactericidal advantages compared with conventional treatment with intravenous antibiotics alone. To date, however, clinical trials are insufficient to support the broad use of inhaled antibiotics in critically ill patients with a diagnosis of VAP. Future studies should focus on improving delivery systems, patient selection, and patient respiratory optimization prior to drug nebulization.
Discussion
Marini: One of the things needed to make an aerosolized antibiotic effective is that it reaches an airspace, and the airspaces of patients who have severe pneumonia have not been well characterized. In theory, the epithelial pH, for example, could differ from blood pH, and that could impede the antibiotic from either crossing into the bloodstream or being effective locally. Just a thought that I think we should entertain. Are they ineffective because of hostile environments at the point of action? Second, I think most people agree that an open airspace requires recruitment. PEEP has been looked at, of course, but positioning should be important as well-For example, whether the patient is bolt upright, supine, prone or in a lateral position. Particularly in a situation where you have a recruitable lobar pneumonia I would think that positioning would be an important factor. I'm wondering if either Michael [Klompas] or Lorenzo [Berra] can address that? Berra: These are two interesting points. First of all, nebulized antibiotics are not just regular drugs or pills that you can administer at any point. When we decide to administer nebulized antibiotics, we need to take into consideration lots of information that we've learned from animal experiments over time. 1 The critique that I have of a lot of these clinical trials is that the authors administer nebulized antibiotics as if these antibiotics were pills, but in reality this is not true. I totally agree that the alveolar space is a different environment, with a different pH. We cannot extrapolate laboratory data and apply those to clinical conditions, such as the minimum inhibitory concentration. However this reasoning (and alveolar pH considerations) is true for both nebulizers and for intravenous antibiotics. The other thing I would like to emphasize is that despite the heterogeneity of the lungs, the concentration of antibiotics that can be delivered by inhalation are much higher than what can be given intravenously. Regarding body positioning and lung recruitment, none of the studies evaluated positioning or recruitment maneuvers, so that is a very interesting consideration because bronchial pneumonia and lobar pneumonia are not the same entity and should be prepared/treated differently before inhaled antibiotics. Studies back in the '60s and '70s showed failure of nebulized antibiotics while recent studies showed no superiority between intravenous and aerosolized antibiotics. My guess is that the antibiotics have stayed the same and we've improved a little bit the way in which we deliver antibiotics. Future studies needs to carefully take in consideration methods to deliver antibiotics, recruitment of lung parenchyma, and antibiotic distribution in the lungs. I would like to make one more observation: Panigada et al 2 showed in sheep that areas of the lung that were atelectatic with purulent secretions had same bacterial count (CFU/mg) of areas of the lung well aerated and pink. Bacterial count was the same despite the different gross pathological appearance. While I agree that aeration means better delivery of antibiotics, this does not mean that bacteria are absent and aerosolized antibiotics are off target.
Marini: Can I add one more thing? When you aerosolize an antibiotic it goes through the endotracheal tube (ETT). That antibiotic might not all be lost just because it deposits on the artificial airway. And we don't know very much about the mucociliary escalator in an intubated sick patient with pneumonia on a ventilator. It's possible that antibiotic or any other inhaled particle becomes part of the liquid film that sinks toward the lung . . . or at least closer to the parenchyma and closer to a point where the bronchial circulation can pick it up and effectively distribute the antibiotic. There are still a lot of things that we clinicians don't know. Perhaps the scientists do, but I for one, am uncertain.
Klompas:
One wonders as well if aerosolized antibiotics may have some beneficial impact on the biofilm on the ETT. Maybe they inhibit further accumulation of biofilm. Maybe they eventually penetrate the biofilm, and what's the long-term impact of that? It's like the reverse of a coated ETT, you're putting the agent on the inside aspect of the biofilm rather than coating the surface of the ETT.
Kacmarek: Both of you discussed the way we should be ventilating patients during the delivery of aerosolized antibiotics. I could be wrong, but I would say we never ventilate patients that way. So, I think it's impossible to expect that we will see clinically the same results you see in the laboratory because I would assume that if we went through all the laboratory studies in detail and did ventilate as close to the ideal as possible we would create other problems.
Klompas: In pigs.
Kacmarek: Right. But in patients we're nowhere near that, we're really way off that approach based on the way we ventilate patients on a day-today basis.
Klompas:
And is that approach actually safe? Is it feasible to have the patient adequately oxygenated for the period of aerosolization? We saw in a clinical study from Lu et al 3 that some subjects' oxygenation suffered substantially during aerosolization.
Kacmarek: That's the issue of the expiratory filter, we put them in and we remove them but people make mistakes and forget at times. We've had issues with filters occluding, we haven't had a cardiac arrest but we have had elevated airway pressures and hemodynamic problems. It's just a difficult thing to do clinically, correctly. I don't think we do it correctly and I think there is a misconception on the part of physicians believing that things are done the way they're done in research protocols.
The doctors think it's no big deal, 'Why not toss in some aerosols? It can only help; it won't hurt'. I think what we've learned is that to do aerosolized antibiotics correctly is not trivial and there is room for harm.
Kallet:
To add to that, this is obviously a very specialized procedure and patient-ventilator synchrony is a huge thing. This might end up being in the future niche application, where someone with severe ARDS bacterial pneumonia where you probably are in the acute stage going to have them paralyzed or deeply sedated -prone them, recruit them. This might work in specific areas but the idea that it's like albuterol and you just put it in the nebulizer and everything will be fine, that's not going to work. But in limited applications this might actually be very good.
MacIntyre: I know Smaldone and others 4 have argued over the years that maybe pneumonia is not the right target here. Instead, tracheobronchitis (which might be the precursor to pneumonia) might be a better target for an aerosol. In concept, this might prevent the development of subsequent pneumonia. I know there are not much data, but I'd be interested whether our 2 experts think targeting tracheobronchitis is something worth pursuing further. In other words, purulent sputum but without a clear infiltrate.
Berra: That study 4 was on tracheobronchitis specifically, and I think that makes perfect sense. However, I cannot underline enough the importance of well-conducted animal lab studies in this field. We just don't know enough. We can't start a multicenter trial. We are not there yet. There are too many knowledge gaps. While aeresolized antibiotics are promising we still have more to learn. Based on what you are saying, to maximize delivery we have to paralyze these patients. That kind of doesn't make sense logistically. Is it worth the bang for the buck, in terms of workload, for my respiratory therapists to be setting up all the stuff to make it happen?
Mireles
Klompas: The issue of bacteremic patients is an interesting one because there are 2 preferred strategies for using aerosolized antibiotics: an adjunct to intravenous or as a treatment unto itself. If you have intravenous antibiotics on board then presumably that will take care of your bacteremia or any distant loci of infection that might exist as well. If you're using the strategy of nebulization alone then you really have to worry if it can adequately take care of bacteremia. I know that we said there is some systemic absorption of these agents, but I think as Lorenzo pointed out they vary substantially by drug. Colistin in particular has very little systemic absorption and therefore is not appropriate. The one clinical study 3 that looked at the strategy of nebulization alone vs intravenous alone excluded bacteremic subjects.
Hess:
Back to the point Bob [Kacmarek] made. It might not be realistic to expect that with the current technology available to deliver aerosols during mechanical ventilation, that we can address everything you listed on your slide. Those of us who have to administer aerosolized medications would say, 'There's no way we're going to make those setting changes on the ventilator'. I think we will see new technology coming down the pipeline addressing aerosolized delivery of antibiotics. The issue, I think, will be whether we can afford it. Time will tell.
Berra:
Again, this should be tested in animal studies. If paralysis is not used, we should learn precisely the dose and methods to deliver those antibiotics. We can adjust the dose according to patient scenarios and this is something we should carefully evaluate. In addition, some of these antibiotics have other benefits such as macrolides that might help mucociliary clearance and fragmentation of bacterial biofilm. These should also be evaluated.
Kacmarek: When, if ever, do you order aerosolized antibiotics?
Klompas: I never have.
We do use them. Bob, as you know, there are different approaches and beliefs among surgical teams. My take on this is that, while we do not have compelling data for the widespread use of aerosolized antibiotics, some patients might benefit from them. Aerosolized antibiotics might be helpful for patients infected with multidrug-resistant antibiotics, on high intravenous doses of antibiotics, or in renal failure -not as a monotherapy but as an adjunctive therapy.
Kacmarek: You don't order just aerosolized antibiotics; you order them in conjunction with systemic antibiotics.
Berra: This is correct, Bob.
Mireles-Cabodevila: And do you use that protocol to deliver it?
Hess: The answer would be no, right? We deliver the aerosol however the patient presents, we don't make all those adjustments.
Davies: So you don't feel the need to adjust the ventilator when delivering aerosolized antibiotics?
Berra: No, we do not. Usually patients who receive nebulized antibiotics are so sick they're often already paralyzed, or at least heavily sedated. In those patients the most important considerations before delivering aerosolized antibiotics are 1) drainage of secretions, 2) recruiting the lungs before using the drug, and 3) making sure that you have optimal clinical conditions for delivering the drugs (eg, avoiding bronchospasm by using albuterol before starting nebulization).
Davies: It'd be interesting to use it during a recruitment maneuver, or a series of them, and see what happens to the deposition.
